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Abstract 

Activin A, BMP2, and BMP4, members of the TGFjS family, have been implicated in the regulation of hematopoiesis. Here we explore 
and compare, for the first time in human primary cells, the role of activin A, BMP2, and BMP4 during erythropoiesis. Using in vitro 
erythroid differentiation of CD34 + primary cells, we obtained the main stages of early erythropoiesis, characterized at the molecular, 
biochemical, and functional levels. Our results indicate that BMP2 acts on early erythroid cells and activin A on a more differentiated 
population. We report an insight into the mechanism of commitment of erythropoiesis by activin A and BMP2 involving two key events, 
increase in EPO-R and decrease in GATA2 expression. Simultaneous addition of activin A with BMP molecules suggests that BMI'2 and 
BMP4 differently affect activin A induction of erythropoiesis. Follistatin and KLRG proteins dow nmodtilate the effects of activin A and 
BMP2 on erythroid maturation. 
© 2003 Elsevier Science (USA). All rights reserved. 
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Introduction 

Hematopoiesis is sustained by uncommitted stem cells 
that give rise to progenitors capable of producing mature 
myeloid and lymphoid blood cells. This process is governed 
by a large number of hematopoietic-specific cytokines. 
These factors often act in cascade, directing cells toward 
either the cell cycle or differentiation. TGF/3 is one of the 
key regulatory elements of the hematopoietic system [1-3]. 
The TGF/3 family, which include TGF/3, activins, and bone 
morphogenetic proteins (BMPs), are secreted proteins that 
regulate numerous cellular responses, such as proliferation, 
differentiation, migration, and apoptosis. They also have 
critical roles during embryogenesis and in maintaining tis- 
sue homeostasis during adult life. Activin A is involved in 
the differentiation of hematopoietic progenitors and may be 
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considered as a commitment factor [4-8]. In mouse embry- 
onic stem cells, activin A has also been found to be involved 
in the development of hematopoietic cell formation [9]. The 
involvement of BMP molecules in the regulation of hema- 
topoiesis on various levels of stem cell differentiation has 
recently emerged [10-14]. In particular, activin A [6,15,16] 
and BMP2 and BMP4, alone or in combination with activin 
A [9,12,17-20], have been involved in the regulation of 
erythropoiesis in various models. Active erythropoiesis oc- 
curs after erythroid commitment of undifferentiated pluri- 
potent stem cells, which provide cells able to terminally 
differentiate into mature red blood cells. This process is 
controlled by the combined effects of growth factors (in- 
cluding the eiythroid-specific cytokine erythropoietin) that 
permit cellular proliferation and lineage-specific gene reg- 
ulation, such as GATA2, c-Myb, and EPO-R [21-23]. Ery- 
throid differentiation is mainly characterized by the tran- 
sient ability of cells to generate erythroid colonies in 
semisolid media and a progressive increase in specific ery- 
throid marker expression (CD36, glycophorin A) [24]. 
The biological activity of activin A and BMP is antag- 
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onized by binding with follistatin [25-27]. Recently, we and 
others have shown that FLRG (follistatin-related gene) acts 
as a binding protein for activin A and BMP2 and regulates 
their functions [28-30]. This suggests that FLRG, with 
follistatin, constitutes another partner in the extracellular 
control of the biological activity of activin A and BMP 
molecules. In the hematopoietic system, we have observed 
that FLRG and activin A are expressed in the same cells and 
that their expression is regulated by TGF/3 [29,31]. It is 
therefore likely that secreted FLRG, in association with 
activin A, plays an important role in hematopoiesis. 

In this study, we explored the role and the mechanism of 
action of activin A, BMP2, and BMP4, and of their regu- 
lators, during human erythropoiesis. We first characterized 
the different stages of the erythroid differentiation obtained 
in vitro at the molecular, biochemical, and functional levels. 
The addition of activin A and BMP2 in this system indicates 
that these molecules are involved in the regulation of human 
erythropoiesis, follistatin and FLRG modulating their ef- 
fects. 



Materials and methods 

Proteins 

Recombinant human activin, BMP2, BMP4, and follista- 
tin were commercially available (R&D Systems). Human 
recombinant FLRG protein was produced in Sf9 cells using 
a baculovirus expression system [28]. The secreted recom- 
binant protein was purified by affinity chromatography us- 
ing an anti-FLRG-purified antibody linked to NHS-acti- 
vated Sepharose (Amersham Pharmacia Biotech). The 
purity of the protein was analyzed on SDS-PAGE gels by 
silver staining and by immunoblot analysis with an anti- 
FLRG antibody (data not shown). The concentration for 
each cytokine was chosen regarding previous studies per- 
formed on various system, in particular in erythropoiesis [6, 
10,12,28,32]. 

Primary cells and vulture conditions 

Peripheral blood and normal bone marrow samples were 
obtained from consenting donors. Mononuclear cells, sepa- 
rated by a Ficoll gradient (Bio-Whittaker), were subjected to 
CD34 immunomagnetic bead separation (Dynal). The pu- 
rity of the isolated CD34 + population, checked by flow 
cytometry, was over 95%. Early erythropoiesis was ob- 
tained as previously described [24]. Briefly, CD34 + cells 
were cultured at a density of 2 10 5 cells/ml in serum-free 
Iscove's medium (Gibco/BRL) in the presence of 15% BIT 
(5% BSA, 50 jug/ml of bovine pancreatic insulin, 2 mM 
L-glutamine) supplemented with 20 ng/ml of IL6, 25 ng/ml 
of stem cell factor, and 10 ng/ml of IL3 (R&D Systems). 
After 7 days of culture, CD36 + cells were selected using 
indirect immunomagnetic bead separation (Dynal) with a 
monoclonal anti-CD36 antibody (Clone FA6-152, Coulter). 
Cells were then further cultured for another 4 to 20 days in 



serum- free Iscove's medium (Gibco/BRL) in the presence 
of 1 5% BIT supplemented with 20 ng/ml of IL6, 25 ng/ml 
of stem cell factor, 10 ng/ml of IL3 (R&D Systems), and 3 
U/ml of human erythropoietin (EPO). 

Immnnophenotyping assay 

The cells were stained using 0.1 jag of antibody per 10 6 
cells and incubated for 30 min at 4°C. After a final wash, 
flow cytometry analysis was performed using a Facscalibur 
cell analyzer (Becton-Dickinson). The stages of erythropoi- 
esis obtained were monitored by phenotypic analysis using 
CD36-FITC (Immunotech) and glycophorin-A-PE (Caltag) 
as reported [24]. The antibodies used for phenotyping were 
of the IgGj subclass. 

Cell morphology and nuclear size measurement 

To analyze cell morphology, cells were cytocentrifuged 
(Shandon) onto slides and stained with May-Grunwald Gi- 
emsa. Cytological analysis was realized on cells harvested 
at various times of culture to estimate the corresponding 
stage of differentiation. Nuclear sizes of a thousand cells per 
condition were measured by the image analysis system 
Quantimet 600 (Leica) using the cytospin slides previously 
used for morphological analysis. 

Progenitor assays 

The number of colony-forming cells (CFC) was deter- 
mined by suspending them in Iscove's methylcellulose me- 
dium containing erythropoietin, stem cell factor, IL6, GM- 
CSF, G-CSF, and IL3 (Stem Cell Technologies) and plating 
them in 35-mm petri dishes. After 16 days of incubation at 
37°C, the colonies were counted in situ using standard 
scoring criteria to identify erythroid, granulocyte-macroph- 
age, and mixed colonies (BFU-E, CFU-E, CFU-GM, and 
CFU-GEMM, respectively). Distinctions between CFU-E, 
early, and late BFU-E were based on the size and numbers 
of erythroid clusters. The most immature erythroid (called 
early BFU-E) progenitors generated large colonies with a 
high number of clusters per colony (9 to 16 and more), 
followed by the named late BFU-E (3 to 8 erythroid clusters 
per colony). Finally the most differentiated erythroid pro- 
genitor (CFU-E) is made up of a very small colony, includ- 
ing 1 to 2 clusters per colony. 

RNA isolation and analysis 

Total cellular RNA was isolated from samples lysed in 
TRI REAGENT (Sigma). For RT-PCR analysis, cDNA was 
synthesized using Superscript II RNase H reverse transcrip- 
tase (Gibco/BRL), in accordance with the manufacturer's 
instructions, in a final volume of 1 5 jui. PCR was performed 
using 1 /i,l of cDNA made from 1 jag of RNA. The reaction 
was carried out in a final volume of 50 jui (20 mM Tris- 
HC1, pH 8.4; 50 mM KC1; 1.5 mM MgCl 2 ; 0.2 mM each 
dNTP (Roche); 2.5 Units of Platinium Taq polymerase 
(Gibco/BRL), and specific gene primers (Table 1) were 
simultaneously added with GAPDH primers, used as an 
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Table 1 

Oligonucleotide primers used for gene expression analysis by RT-PCR 



Gene 


Sense primer 


Anti sense primer 


Si/e (hp) 


FLRG 


ACG TCA CCT ACA TCT CCT CG 


CAC GAA GTT CTC TTC CTC TTC 


145 


I'ollislalin 


CCA TGG GGA ACT GCT GGC TCC GTC AA 


CCA GGT CCA CAG TCC ACG TT 


220 


/3-Globin 


GTC CTT TGG GGA TCT GTC CA 


GTG GGG TGA ATT CTT TGC CA 


239 


E-PBGD 


TGC AGC GGC AGC AAC AGC AG 


CTG GCT CTT GCG GGT ACC CA 


150 


GATA 2 


CCC TAA GCA GCG CAG CAA GAC 


TGA CTT CTC CTG CAT GCA CT 


439 


EPO-R 


TGA GAC ACC CAT GAC GTC TCA 


TGT CCA GCA CCA GAT AGG TA 


608 


Act R1IA 


ATG CTC TGT GAA ACC ATT GAA G 


TAG ACT AGA TTC TTT GGG AGG A 


180 


Act R1IB 


GAA CAT GAC GGC GCC CTG GG 


TGA TCT CCA GCA GCT GCA GT 


590 


Act R1A 


CTG GCC AAG CTG TGG AGT GCT GCC AA 


GTA CTG GAG TGT CTA GAG GTC ATG 


570 


Act RIB 


TAT GGC GGA GTC GGC CGG A 


GAT CGT AGA CGA GAT CCT GGA GCG 


545 


BMP RII 


GCC ATG ATG AAG GTG TTC TG 


AGT GCC TCC TTC TGC AAG GT 


440 


BMP RIA 


GCT CAT CGA GAC CTA AAG AG 


GTC TGG AGG CTG GAT TGT GG 


460 


BMP RIB 


AGA AGT TAC GCC CCT CAT TC 


TTG ATG TCT TTT GCT CTG CC 


250 


c-Myb 


ACA GCA TAT ATA GCA GTG ACG 


AGC CTG AGC AAA ACC CAT CAA 


659 


p45 NFE2 


GAG ATG GAA CTG ACT TGG CAG 


GGA CAT GGG ATG TGG ATG CTG 


210 


p27 K lp l 


AAA CGT GCG AGT GTC TAA CGG GA 


CGC TTC CTT ATT CCT GCG CAT TG 


454 


Bcl-XL 


TGC GCA CAG CAG CAG TTT GG 


CTC GGC TGC TGC ATT GTT CC 


400 


GAPDH 


CGG AGT CAA CGG ATT TGG TCG TAT 


AGC CTT CTC CAT GGT GGT GAA GAC 


300 



Act R, activin receptor; BMP R, BMP receptor; EPO-R erythropoietin receptor; E-PBGD, erythroid-specific isoform of porphobilinogen deaminase; 
GAPDI I, glyceraldehyde-3-phosphate dehydrogenase. 



internal control. The relative proportions of primers used for 
the gene of interest and GAPDH were optimized for each 
combination so as to obtain the maximum amplification of 
the gene of interest in comparison to GAPDH. Cell- and 
reverse transcriptase-free samples were used as negative 
controls, and the specificity of each product was verified by 
Southern blot analysis with an internal oligoprobe. To com- 
pare the relative levels of expression of the genes among the 
various samples, the volume of the PCR product loaded 
onto 2 or 3% agarose gels was adjusted in such a way as to 
produce an equal GAPDH signal. 

Western blot analysis 

Cell lysates were prepared using solubilization buffer (50 
mM Hepes buffer, pH 7.4, 100 mM NaF, 10 mM NaPPi, 2 
mM Na 3 V0 4 , 4 mM EDTA, 2 mM phenylmethylsulfonyl 
fluoride, 2 jitg/ml of leupeptin, and 10 ^g/ml of aprotinin) 
containing 0.5% NP-40. Protein concentrations were deter- 
minate using a BCA protein assay (Pierce). Cell lysates (5 
ju-g of protein per lane) were separated by 12% SDS-PAGE 
and transferred onto membranes (Immobilon-P, Millipore). 
The filters were incubated with rabbit anti-hemoglobin or 
anti-Bcl-XL (Dako) or with the monoclonal mouse anti- 
actin (Roche) or p27Kipl (Santa Cruz) antibodies, then 
incubated with, respectively, a swine anti-rabbit or a rabbit 
anti-mouse peroxidase-conjugated secondary antibody 
(Dako), and revealed with an ECL detection kit (Amersham 
Pharmacia Biotech). 

Statistics 

Differences between progenitors numbers in different 
treatment groups were assessed using the Student t test. As 
the cell nuclear size values did not follow a normal distri- 



bution we used the nonparametric Mann-Whithney statis- 
tical test to compare treated cells to our control. 



Results 

In vitro model of early human erythropoiesis from 
CD34 + progenitors 

In order to study human erythropoiesis, we used primary 
progenitors to generate an in vitro model representing the 
main stages of differentiation. Purified CD34 + cells were 
cultured in serum-free media in the presence of IL6, stem 
cell factor (SCF), and IL3. After 7 days of culture, CD36 + 
cells, representing an enriched erythroid population [24], 
were selected and further cultured for another 20-day period 
in the same media supplemented with IL6, SCF, IL3, and 
EPO. In order to monitor the evolution of the in vitro 
erythropoiesis, we assayed colony formation, phenotype, 
and cell nuclear size. We measured cell function at various 
stages of the culture by evaluating clonogenic ability using 
the CFC assay. As indicated by the total CFC number (Fig. 
1 A), the time frame for detecting clonogenic cells is limited 
to early time points (up to 7 days before the CD36 + selec- 
tion). As expected, after the CD36 + selection, we observed 
a rapid decrease in the CFU-GM and CFU-GEMM colony 
numbers with cell maturation (Fig. 1A). As shown in the 
right panel of Fig. 1A, the different types of erythroid 
colonies appeared sequentially. The most immature early 
BFU-E is the first detected, with a peak on day 4; then they 
rapidly disappear, followed by the late BFU-E, which also 
peak on day 4, presenting, however, a more progressive 
decrease. And finally the most differentiated erythroid pro- 
genitors (CFU-E) start to appear on day 4 but peak late on 
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Fig. 1. Functional, phenotypic, and morphologic variation during in vitro erythropoiesis. CD34 + cells were cultured as described under Materials and 
Methods. At the indicated time throughout the culture, cells were harvested and analyzed for colony-forming ability, phenotype, and morphology. (A) 
Clonogenic ability of cells during in vitro erythropoiesis. Cells were harvested and analyzed for their clonogenic content using the CFC assay. The colonies 
were counted using standard scoring criteria to identify erythroid (BFU-E, CFU-E), granulocyte-macrophage (CFU-GM), and mixed granulocyte- erythroid 
monocyte-megakaryocyte colonies (CFU-GEMM). The results are expressed as CFC/1000 seeded cells and represent the mean value ± SEM of six 
experiments carried out with different bone marrow or blood samples. (B) Phenotypic analysis of erythroid-specific markers, CD36 and glycophorin A (GPA), 
is presented as the percentage of positive cells ± SEM of five independent experiments. (C) ( ell morphology was analyzed on cytocentrifuged cells stained 
with histological dyes. On the same slides, the nuclear size on 1000 cells per time point was measured using an image analysis system. Results are presented 
as the mean value ± SEM of nuclear size and are representative of three independent experiments. 



day 7 and then slowly decrease. Phenotyping analysis using 
erythroid-specific markers indicates that expression of the 
CD36 molecule is induced by cell differentiation, while that 
of glycophorin A (GPA) appears later during erythropoiesis 
(Fig. IB), thus confirming that these molecules represent, 
respectively, early and late erythroid markers. Cytological 
analysis was realized on cells harvested at various times of 
culture to estimate the corresponding stage of differentia- 
tion. We observed a progressive enrichment from the pro- 
erythroblast stage on day 7+4 up to the erythroblast acido- 
phil stage after 7 + 20 days of culture. Measurement of 
nuclear size has been described to characterize one differ- 
entiation event observed during erythroid maturation [33]. 
The nuclear size of cells, measured on the cytospin slides 
previously morphologically analyzed, progressively de- 
creases with maturation after a brief increase, due likely to 
the activation of the cells by culture condition (Fig. 1C). 

Altogether, the sequential detection of erythroid colo- 
nies, the increase in erythroid markers, and the decrease in 
cell nuclear size indicate that this in vitro erythropoiesis 
system accurately represents the major steps of early ery- 
throid maturation. 



Gene expression during in vitro erythropoiesis 

To further characterize each step of erythroid maturation, 
we evaluated by RT-PCR the expression of various genes 
involved in the regulation of erythropoiesis. For that purpose, 
cells were harvested at different culture times and RNA was 
extracted and used for RT-PCR study. The first group of genes 
studied includes genes specifically involved in erythropoiesis, 
such as the erythropoietin receptor (EPO-R), the erythroid- 
specific isoform of the third enzyme of the heme biosynthetic 
pathway, namely, porphobilinogen deaminase (E-PBGD), and 
the /3-globin chain, a constitutive element of hemoglobin. We 
observed a regular increase in EPO-R expression that peaks 
between 7+4 and 7 + 10 days of culture, respectively, corre- 
sponding to the CFU-E and basophil erythroblast stages (Fig. 
2A) The expression of EPO-R then slowly decreases. A reg- 
ular increase in the expression of E-PBGD and /3-globin during 
maturation (Fig. 2A) correlates with an accumulation of he- 
moglobin in the cells [34]. We monitored the expression of 
several transcription factors that played a role during erythro- 
poiesis. The early transcription factors GATA2 and c-Myb are 
highly expressed during the first part of the culture and then 
progressively decrease (Fig. 2A). We first report a rapid in- 
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Fig. 2. Gene expression during in vitro erythropoiesis. RT-PCR was used to analyze expression of various genes at different points in time during cell culture. 
Under all conditions, we found a similar level of expression of the housekeeping GAPDH gene, which allowed us to compare levels of expression of genes 
between the different cell types. Results presented are obtained from the analysis of a peripheral blood sample and are representative of five different samples 
assayed. (A) EpoR, erythropoietin receptor; E-PBGD, erythroid-specific isoform of porphobilinogen deaminase ; GAPDH, , glyceraldehyde-3-phosphate 
dehydrogenase. (B) Act R, activin receptor; BMP R, BMP receptor; FLRG, follistatin-related gene. 



crease in the expression of the transcription factor p45 NFE2 , 
which then fluctuates during further cell maturation (Fig. 2A). 
Finally, we looked at expression of genes involved in cell cycle 
and apoptosis mechanisms and implicated during erythropoi- 
esis: p27 Kipl . an inhibitor of cyclin-dependent kinase activity, 
and Bcl-XL, a member of the Bcl2 family protein. We ob- 
served a rapid increase in p27 Kipl with cell maturation, while 
expression of Bcl-XL, after a rapid increase, fluctuated during 
cell maturation (Fig. 2A). Altogether these results correlate 
with a specific erythroid maturation previously observed in 
various cellular models [21-23,35-38]. 

In order to explore the roles and the mechanisms of action 
of activin A, BMP2, and BMP4 during human erythopoiesis, 
we first characterized the expression patterns of their receptors 
and of their regulators, follistatin and FLRG. As members of 
the TGF/3 family, both BMP and activin proteins transduce 
their signals by inducing the formation of heteromeric com- 
plexes of specific type I and type II serine/threonine kinase 
receptors [39]. Activin supposedly signals only via combina- 
tions of activin-specific receptors, mainly Act-RIIA, Act-RIIB, 
and Act-RIA (Alk2). On the other hand, BMP molecules are 
able to signal not only through BMP-RII, BMP-RIA (Alk3), 
and BMP-RIB (Alk6) but also through Act-RIIA, Act-RIIB, 
and Act-RIA [40]. In order to determine whether erythroid 
primary cells are able to respond to activin and BMP, we 
analyzed the expression of their various receptors during eryth- 
ropoiesis. The expression of these genes was realized by RT- 



PCR analysis on cells harvested at different culture times. 
Results presented in Fig. 2B indicate that Act-RIIA, Act-RIA, 
Act-RIB, and BMP-RIB are mainly expressed in immature 
cells, while Act-RIIB, BMP-RII, and BMP-RIA are expressed 
throughout erythropoiesis but with a variable expression dur- 
ing cell differentiation. As regards the expression of the regu- 
lators, it appears that their expression is almost inversely re- 
lated as we observed the highest expression of FLRG in the 
most immature and of follistatin in the most mature erythroid 
cells. 

In summary, we show that in vitro human erythropoiesis 
can be characterized by an increase in EPO-R, E-PBGD, 
j3-globin, p45 NFE2 , p27 Kipl , and Bcl-XL gene expression and a 
decrease in GATA2 and c-Myb gene expression. Our results 
also indicate that erythroid cells at various stages of their 
maturation possessed different receptors for activin and BMP 
and this therefore gave them the ability to respond to activin 
and BMP proteins. Here, we report for the first time the 
simultaneous analysis of morphologic, molecular, and func- 
tional parameters throughout the erythropoiesis of primary 
human cells. 

Effects of activin A, BMP2, and BMP4 on human 
erythropoiesis 

In order to explore the role of activin A, BMP2, and 
BMP4 during early human erythropoiesis, CD34 + cells 
were cultured for 4 days in serum-free medium in the 
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Fig. 3. Effects of activin, BMP2, and BMP4 on clonogenic erythroid 
precursors. CD34 + cells, obtained from different bone marrow or blood 
samples, were incubated at 2 x 10 5 per milliliter in serum-free IMDM, 
15% BIT supplemented w iih 11.6. stem cell factor, and IL3 in the presence 
or the absence (-) of 40 ng/ml of activin A (Act), BMP2, or BMP4 alone 
or in combination. After 4 days, cells were assessed for the proportion of 
clonogenic cells by a CFC assay. The results, which are expressed as 
CFC/1000 seeded cells, represent the mean value ± SEM of nine, five, or 
seven experiments for activin, BMP2, or BMP4, respectively. Differences 
that are statistieally significant (/' : 0.05) in comparison with nontreated 
cells are indicated by an asterisk. 



presence or the absence of activin A (40 ng/ml), BMP2 (40 
ng/ml), or BMP4 (40 ng/ml) alone or in combination. Cells 
were then harvested and various parameters were analyzed 



as described above. No significant effects were observed on 
expression of CD36 and GPA markers in the presence of 
activin A, BMP2, and BMP4 molecules either alone or in 
combination (data not shown). This is not surprising, given 
the slow expression modulation of these markers between 
days 4 and 7 of in vitro culture and the absence of EPO in 
the culture media (Fig. IB). We assayed the biological 
function of treated erythroid cells by measuring their clo- 
nogenic potential using the CFC assay. No significant effect 
was seen on CFU-GM and CFU-GEMM colonies (data not 
shown). Activin A increases the detection of both late 
BFU-E and CFU-E colonies (Fig. 3). Inversely, BMP2 
increases the most immature erythroid colonies, the early 
BFU-E, and has little or no effect on late BFU-E and CFU-E 
colonies. These results suggest that BMP2 acts on a more 
immature erythroid population than activin A. BMP4 alone 
has no significant effect on either type of erythroid colony. 
In order to verify that results obtained with the two different 
sample origins (blood or marrow) are equivalent, we ana- 
lyzed separately the data set from each source of sample. 
Results presented in Table 2 confirmed that similar effects 
are observed by activin A, BMP2, or BMP4 treatment of 
CD34 + purified cells from either mobilized peripheral 
blood or normal bone marrow. This indicate that these two 
cell populations behave the same way under the influence of 
the tested agents. We therefore combined the data obtained 
from these two type of cells in the following experiments. 

We also analyzed the cell nuclear size as a marker of 
advanced erythroid cell differentiation. We then observed a 
strong decrease in the cell nuclear size of activin-A-treated 
cells, while no significant effect was obtained in the pres- 
ence of BMP2 or BMP4 alone (Table 3). Together with the 
effect on erythroid colonies, our data suggest that activin A 
is a more potent inducer of human erythroid differentiation 
than BMP2 or BMP4 proteins. Interestingly, in the presence 
of BMP4 the activin A effect on late BFU-E and CFU-E 
colonies is no longer observed (Fig. 3), while the cell 
nuclear size decrease is still observed and even amplified 
(Table 3). These results might indicate that BMP4 cooper- 



Effect of activin, BMP2, ar 


d BMP4 on erythroid colonies obt 


ained from mobilized peripheral or normal b 


me marrow CD34 + cells 




Treatment 




Activin A 


BMP2 


BMP4 


Peripheral blood 










Early BFU-E 


23 ± 13 


18 ± 8 


65 ± 38 




Late BFU-E 


162 ± 14 


224 ± 37 


131 ± 19 


170 ± 31 


CFU-E 


28 ± 12 


78 ±45 


10 ± 2 


25 ± 10 


(») 


(6) 


(6) 


(3) 


(5) 












Early BFU-E 


12 ± 2 


14 ±3 


61 ± 21 


19 ± 7 


Late BFU-E 


101 ± 12 


208 ± 19 


112 ± 11 


136 ± 21 


CFU-E 


25 ± 6 


66 ± 15 


19 ± 6 


20 ± 7 


(n) 


(6) 


(6) 


(5) 


(5) 



CD34 + cells isolated from either peripheral blood or normal bone marrow were incubated in the presence or the absence of 40 ng/ml of activin A, BMP2, 
or BMP4. After 4 days, cells were assessed for the proportion of erythroid colonies by a CFC assay. Tire results are expressed as CFC 1000 seeded ceils ± 
SUM of the indicated number of experiments (/?). 
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Table 3 

Effect of activin, BMP2, and BMP4 on cell nuclear size 

Treatment Nuclear size 
(,tim 2 ± SE) 

None 277 ± 3.5 

Activin 254 ± 2.8* 

Activin + follistatin 273 ±3.2 

Activin + FLRG 272 ± 3.1 

BMP2 276 ± 3.2 

BMP2 + activin 292 ± 3.5* 

BMP4 264 ± 3.2 

BMP4 + activin 236 ± 3.8* 



( 1)34 coils were incubated in the presence oi ihe absence ol'acli\ in (40 
ng/ml) alone or combined with follistatin (100 ng ml) or FLRG (100 
ng/ml). Cells were also treated w ith B.V1P2 ( 40 ng ml) or B.Y1P4 (40 ng ml) 
alone or in combination will] acli\in A. Alter 4 days, cells were assessed 
for nuclear size by image analysis as described under Materials and 
Methods. Data are expressed as means of the nuclear size in /tim 2 ± 
standard error (SE), measured on more than 1000 cells. Results shown are 
representative of three independent experiments, each performed with a 
different Cl)34 + sample. We assayed significant differences (P < 0.05) 
from nontreated cells using the nonparametric Mann-Whitney statistical 
test, indicated by asterisks. 



but decreases GATA2 expression (Fig. 4A) and increases 
Hb and Bcl-XL, although to a lesser extent than that with 
activin A (Fig. 4B). As regards the simultaneous addition of 
activin and BMP2, the expression of EPO-R, Hb, and 
p27 Kipl is the same as with activin alone. BMP2 accentuates 
the effects of activin on Bcl-XL expression, while it atten- 
uates the decrease of GATA2 expression. On the other 
hand, BMP4 reduces the expression of EPO-R and p27 Klpl 
expression, accentuates the Bcl-XL expression, and has no 
effect on GATA2 and Hb expression induced by activin A. 

In summary, our molecular, morphologic, and functional 
analyses show that activin A and BMP2 alone significantly 
regulate human erythropoiesis by inducing various and in- 
dependent effects on erythroid precursors. It also suggests 
that when added simultaneously, BMP2 seems to overcome 
activin A's biological effects (CFC, cell nuclear size) with- 
out altering most of the gene expression modulated by 
activin A. On the other hand, BMP4 seems to accentuate the 
activin-A-mediated effects on erythropoiesis. 



ates with activin to accelerate erythropoiesis up to a stage 
where the cells ability to from colonies has diminished and 
the cell nuclear size continues to decrease. On the other 
hand, in the presence of both activin A and BMP2, the effect 
on erythroid colonies appears to be the same as that with 
BMP2 alone (Fig. 3). Moreover, the cell nuclear size of cells 
treated with both molecules does not decrease as with ac- 
tivin alone, but increases compared to nontreated cells. 
These observations might indicate that BMP2 is able to 
compete and overcome activin' s biological effects. 

We observed that activin A and BMP2 alone signifi- 
cantly regulate human erythropoiesis. Our data also suggest 
different effects of the BMP molecules on activin-A-medi- 
ated biological activities. 

Effects of activin A, BMP2, and BMP4 on expression of 
genes involved in erythropoiesis 

To characterize and confirm the effect of activin A, 
BMP2, and BMP4 on human erythropoiesis, we conducted 
semi-quantitative RT-PCR comparisons of gene expression 
previously monitored during in vitro differentiation. Activin 
A induced a significant increase in EPO-R expression and 
inversely it decreased GATA2 expression (Fig. 4A). No 
other significant modulations of gene expression were ob- 
served (data not shown). Western blot analysis showed that 
activin A increased the expression of hemoglobin (Hb), 
p27 Kipl , and Bcl-XL proteins (Fig. 4B). BMP2 had similar 
effects to activin A, though less pronounced, on GATA2, 
EPO-R, and Hb expression, while it had no effect on 
p27 Klpl and Bcl-XL (Fig. 4). Again, these results indicate 
that activin A is a stronger regulator of human erythropoi- 
esis than BMP2. BMP4 has no effect on EPO-R expression 
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Fig. 4. Effects of activin A, BYIP2. and BY1P4 on the expression of various 
genes in early erythroid precursors. (4)34 cells w ere incubated for 4 days 
in the presence or the absence (-) of 40 ng/ml of activin A (Act), BMP2, 
or BYIP4, alone or in combination. (A) RT-PCR analysis was used to 
analyze the indicated gene expression. Results presented are obtained from 
the analysis of a peripheral blood sample and are representative of lour 

ll 1 m| 1 s (B) Total cellular prot ;j e an 

by Western blotting using the indicated antibody. The same blot was 
probed for actin to control for equal protein loading. Results presented 
were obtained from the analysis of a peripheral blood sample and are 
representative of two different samples assayed. 
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Fig. 5. Effects of activin A and BMP2 on clonogenic erythroid precursors 
are modulated by follistatin and FLRG. CD34 + cells were incubated in the 
presence or the absence (-) of 40 ng/ml of activin A (Act) or BMP2 alone 
or in combination with 100 ng/ml of follistatin (Foil) or FLRG. After 4 
days, cells were assessed for the proportion of erythroid colonies by a CFC 
assay. The results, which are expressed as CFC/1000 seeded cells, repre- 
sent the mean value ± SEM of six experiments carried out with different 
bone marrow or blood samples. Differences that are statistically significant 
(P < 0.05) relative to nontreated cells are indicated by an asterisk. 



of EPO-R expression is stronger than that by follistatin. On 
the other hand, only follistatin inhibits activin-, and to a 
lesser extent BMP2-, induced GATA-2 decreased expres- 
sion (Fig. 6A). 

These results confirm that both follistatin and FLRG 
proteins can modulate the biological activity of activin A 
and BMP2. Moreover, they indicate that the effects of these 
two antagonists on activin-A- or BMP2-modulated gene 
expression are different from one target to another. This 
suggests that these regulators are not redundant and might 
act on different signaling pathways. 



Discussion 

We investigated here the role and mechanism of action of 
activin A, BMP2, and BMP4 during human erythroid cell 
maturation. For that purpose, we used an in vitro differentiation 
system initiated with primary purified human CD34 + cells 
cultivated in a serum-free medium. This system generated 
enough primary cells to allow us to perform various molecular, 
biochemical, morphologic, and functional assays on the same 
cells at a precise step of erythroid differentiation. It enabled us 
to accurately reproduce in vitro the major steps of early ery- 
throid maturation. Indeed, this is indicated by the sequential 
detection of the various classes of erythroid colonies (early and 
late BFU-E. C'FU-E). the modulation of specific cell surface 



Follistatin and FLRG regulate the effects of activin A and 
BMP2 on human crythropoiesis 

Finally, we assayed whether follistatin and FLRG mod- 
ulate the effects of activin A and BMP2 on human eryth- 
ropoiesis. We choose these two modulators within the mul- 
tiple regulators of the BMP as they are also involved in the 
regulation of activin' s biological effects. CD34 + cells were 
incubated 4 days in the presence or the absence of activin A 
(40 ng/ml) and BMP2 (40 ng/ml) alone or in combination 
with follistatin (100 ng/ml) or FLRG (100 ng/ml). Results 
presented in Table 3 show that either follistatin or FLRG 
proteins cancel the decrease in cell nuclear size induced by 
activin A. These molecules also block the biological activity 
of activin A, as indicated by the level of both late BFU-E 
and CFU-E, comparable to that in nontreated cells (Fig. 5). 
Similarly, the increase in early BFU-E induced by BMP2 is 
abolished by the addition of follistatin or FLRG (Fig. 5). We 
then evaluated whether follistatin and FLRG modulate the 
effects of activin A and BMP2 on the gene expression 
involved in erythropoiesis. Follistatin and FLRG block 
BMP2- and Activin-A-induced expression of EPO-R (Fig. 
6A) and Hb (Fig. 6B). Interestingly, the inhibition by FLRG 
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Fig. 6. Modulation by follistatin and FLRG of activin A and BMP2 effects 
on gene expression. (1)34 eells were incubated Cor 4 days in die presence 
or the absence (-) of 40 ng/ml of activin A (Act) or BMP2 alone or in 
combination with 100 ng/ml of follistatin (Foil) or FLRG. (A) RT-PCR 
analysis was used to analy/e die indicated gene expression. Results pre- 
sented are obtained from the analysis of a peripheral blood sample and are 
representative of three different samples assayed. (B) Total cellular pro- 
teins (5 jug) were analyzed by Western blotting using the hemoglobin 
antibody. The same blot was probed for actin to control for equal protein 
loading. Results presented were obtained from the analysis of a peripheral 
blood sample and > i if t fferc mples assayed 
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membrane markers (CD36, GPA), the decrease in cell nuclear 
size, the increase in EPO-R, E-PBGD, /3-globin, p45 NFE2 , 
p27 Klpl , and Bcl-XL expression, and a decrease in GATA2 
and c-Myb expression. We are now able to draw a pattern of 
various parameters, including specific gene expression, for a 
given human erythroid subpopulation. 

As members of the TGF/3 family, both BMP and activin 
proteins transduce their signals by inducing the formation of 
heteromeric complexes of specific type I and type II serine/ 
threonine kinase receptors [39]. In order to determine whether 
erythroid primary cells are able to respond to activin and BMP, 
we analyzed the expression of their different receptors during 
erythropoiesis. We observed that erythroid cells at various 
stages of their maturation possess different receptors for activin 
and BMP and therefore can potentially respond to such mol- 
ecules. As most activin and BMP receptors are present in 
immature cells, we evaluated the effect of these cytokines at 
one of the earliest stage of erythropoiesis. Activin A decreased 
cell nuclear size and GATA2 gene expression. It also increased 
the expression of EPO-R, Hb, Bcl-XL, and p27 Kipl proteins. 
On a biological level, activin A increased the detection of both 
the late BFU-E and the CFU-E colonies. BMP2 has effects that 
are similar to but less pronounced than those of activin A on 
EPO-R, GATA2, and Hb expression. While activin A in- 
creased late BFU-E and CFU-E, BMP2 increased the most 
immature early BFU-E colonies and had no significant effect 
on other erythroid colonies. These results demonstrate that 
activin A and BMP2 alone significantly regulate human eryth- 
ropoiesis by inducing various molecular and functional effects. 
They also suggest that BMP2 acts on a more immature ery- 
throid population than activin A. And finally, activin A ap- 
peared to be a stronger regulator of human erythropoiesis than 
BMP2. 

In this study we demonstrate that the addition of activin A 
or BMP2 to primary human precursors induced their commit- 
ment toward the erythroid lineage, as suggested by previous 
data obtained on erythroid murine cell lines with activin A [8]. 
We report here for the first time the modulation by activin A 
and BMP2 of several genes that sign the engagement of the 
cells in erythroid differentiation. Indeed, we show that activin 
A or BMP2 treatment, in the absence of EPO, characteristically 
induced EPO-R expression and decreased GATA2 expression. 
These events are correlated with an accelerated detection of 
late BFU-E and CFU-E colonies after activin A treatment and 
with an accelerated detection of early BFU-E with BMP2. Our 
results give an insight into the activin A and BMP2 mechanism 
of action for cell commitment toward erythroid cells. More- 
over, these data argue in favor of a sensitization of cells to the 
survival factor EPO further needed to progress in cell matura- 
tion [41]. Inversely to TGF/3 [42], we cannot exclude that 
erythroid cells themselves produced EPO and that they stim- 
ulated their own erythroid differentiation in an autocrine man- 
ner [43]. Our results show that activin A and BMP2 do not 
simply induce EPO-R expression, but also decrease GATA2 
expression, which constitutes a required condition for erythroid 
differentiation [44]. The other effects, such as induction of Hb, 



p27 Kipl , and Bcl-XL, can be considered a consequence of the 
progression of erythroid differentiation [34,36,37]. 

We assayed whether follistatin and FLRG modulate the 
effects of activin A and BMP2 on human erythropoiesis. 
Follistatin or FLRG proteins canceled the activin- A-induced 
cell nuclear size decrease and inhibited the biological ac- 
tivity of activin A and BMP2, indicated by the normaliza- 
tion of the level of erythroid colonies. These regulators also 
block BMP2- and activin- A- induced expression of EPO-R 
and Hb. These results show that FLRG, like follistatin, 
constitutes a biological regulator of both activin A and 
BMP2 activity on human erythropoiesis. The modulation by 
follistatin and FLRG of activin A or BMP2 effects on 
GATA2 and EPO-R expression is different between these 
two inhibitory proteins. This indicates that despite their high 
structural homology [45], these regulators are not redun- 
dant. This is also consistent with their exclusive expression 
in some tissues, such as hematopoietic cells [29]. Moreover, 
the follistatin null mice display a severe phenotype [46], 
which speaks favorably for the absence of a complete func- 
tional redundancy between follistatin and FLRG. 

Different type I and II receptors of the TGF/3 family 
generate numerous receptor complexes for the same ligand, 
thereby creating combinatorial signaling and indicating that 
one molecule can couple with multiple type I receptors. The 
specificity of intracellular signaling, determined by type I 
receptors and their interaction with a specific Smad protein 
[39,40], may explain the different effects of the two follista- 
tin family members. Indeed, we suggest that the addition of 
follistatin and FLRG might perturb different or identical 
ligand-receptor complexes in a different manner, thereby 
leading to distinct modulation of the biological effect me- 
diated by the TGF/3 family members. This is supported by 
the different modes of association of follistatin and FLRG 
with activin and the distinct mode of interaction of follista- 
tin with BMP from that of follistatin with activins 
[27,30,47]. These physical interactions have been shown to 
inhibit activin and BMP signaling pathways. 

In the presence of both activin and BMP2, we observed 
distinct effects on the modulation of the different parameters, 
as in the presence of the molecules alone. In particular, the 
effect on erythroid colonies appears to be the same as that with 
BMP2 alone. These results suggest that a competition might 
exist between activin and BMP2. Such a competition has been 
previously described for activin and inhibin effects on human 
erythroid differentiation [48]. This competition, leading to an 
antagonistic effect of inhibin on activin-mediated biological 
response, is the result of a competition between the two mol- 
ecules for their binding to the same type II receptor. Interest- 
ingly, unlike activin A, which signals via combinations of 
activin receptors of type I and II, BMPs interact not only with 
BMP type I and II receptors but also with type IA and IIA 
activin receptors [49,50]. It is therefore possible that BMP2 
competes with activin A when binding to the same receptor, 
and, as regards the difference in their respective affinity for the 
same receptor, a fine-tuning of signaling can therefore be 
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achieved. Thus, it now would be interesting to determine 
which receptor complexes are involved in the specific signal- 
ing of either activin or BMP2 during erythroid cell commit- 
ment. 

Finally, the addition of BMP4 on primary cells has no 
significant effect except for a decrease in GATA2 and an 
increase in Hb and Bcl-XL expression. This indicates that 
BMP4 alone did not significantly affect human erythroid mat- 
uration, in terms of erythroid colony formation. Inversely to 
what has been described in Xenopus embryo [20] and rhesus 
monkey embryonic stem cells [12], BMP4 induces a decrease 
in GATA2 expression. This apparent discrepancy can reflect 
the various cell types assayed. Indeed, experiments were per- 
formed using embryonic pluripotent stem cells, while we used 
adult human primary CD34 + cells. Unsurprisingly, this sug- 
gests that the program of gene expression involved in the 
formation of blood cells is different between embryonic and 
adult hematopoiesis, thus leading to apparently opposite effects 
on GATA2 expression. When added simultaneously with ac- 
tivin A, BMP4 decreased the effects of activin A on EPO-R 
and p27 Mpl expression, accentuated its effects on cell nuclear 
size and Bcl-XL expression, and had no effect on GATA2 and 
Hb expression. At the functional level, both late BFU-E and 
CFU-E colonies are no longer amplified in the presence of 
BMP4 and activin A. These data might reflect a cooperation 
between BM P4 and activin A in accelerating human ervthro- 
poiesis as previously described in Xenopus embryonic stem 
cells [18]. This is expressed by an acceleration of erythroid 
maturation to a stage where cells, no longer able to form 
colonies, have downregulated the expression of EPO-R, de- 
creased their nuclear size, and accumulated Hb and Bcl-XL, 
altogether suggesting a more differentiated erythroid matura- 
tion stage. 

In summary, we showed a regulation of the erythroid dif- 
ferentiation in the presence of activin A and BMP2. The 
follistatin and FLRG molecules modulate, in a nonredundant 
way, the effects of activin A and BMP2 on various parameters 
of erythroid maturation. Finally, the simultaneous addition of 
activin A with BMP molecules indicates that BMP2 may 
compete and overcome, while BMP4 may cooperate and am- 
plify, activin A effects. In this work, we pointed out potential 
target genes of the activin and BMP signaling pathways. This 
might therefore shed a new light on the molecular mechanisms 
of differences between activin A and BMP signaling and also 
contribute to the understanding of their role in the regulation of 
human erythropoiesis. 
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